Abstract
Introduction
Machining is one of the most effectively and most expansively used part shaping method. To describe a machining process, competent and accurate models are needed. Models are the scientific projections of a process in the real world: in terms of basic industrial and technical aspects parametrical and complex but still easy-to-use models are the best choice to create predictive process planning methods.
Machining forces are natural accompanies of the machining process: due to the material properties, the workpiece shows mechanical resistance against deformation and chipping. The resultant machining force can be modelled as a vector in a Descartes-type coordinate system which is fixed to the working edge of the tool. According to this interpretation, the resultant force has three vectorial components (see Fig. 1 where n is the rotating direction of the workpiece in turning and of the tool in milling and drilling, v f is the tool's feeding movement):
• F c -the main cutting force: a consequence of the main movement of the tool, thus being primarily responsible for the chipping process; • F f -the feeding force: a consequence of the feeding on the tool to be able to remove further volume of the workpiece's material; • F p -the passive force: a result of additional chafing, shearing and deformations during the machining. The orthogonal machining models presume the existence of a shear plane: these models predict bare shearing process between the sections of the crystal-lattice of the material. Such models were created -most notably -by Ernst and Merchant [9] in 1941 and improvements were made by Atkins [3] , Lalwani et al. [14] and Williams et al. [24] . An advantage of these models is the fact that the machining forces are predicted using the material properties e.g. shearing resistance. Although the existence of extended shearing volumes instead of exact shearing planes may result the problem of these models. Furthermore, these are unable to handle multi-dimensional machining environment such as shoulder turning, shoulder milling and simple drilling accurately and the undefined shearing angles make the calculation only representative.
On the other hand, empirical expressions are not based on material behaviour models but on direct process parameters e.g. measured forces, temperature, surface properties. An organized, mathematically valid modelling of the machining process has begun with the famous tool life prediction of Frederick Winslow Taylor [20] in 1907. The Taylor-equation established the course of the modelling in the form of exponential functions. [19] This was a major step toward the systematic, predictive production planning. A simplified, general interpretation of an exponential model is described in Eq. (1).
where: OUT is the output parameter, LI is a linear coefficient, IN is an input parameter, EX is an exponential coefficient, i is the identification number of the input parameters. Many of the cutting force models have a similar structure -see Eq. (8) .
Such models are being created to describe the machining processes made with definite cutting edge geometry, most notably turning, milling, drilling and broaching. All of these processes are used for a long time and are supported by an extensive amount of technological data. But more precise technologies e.g. micro-machining, new workpiece materials and tools with improved geometry and material properties make some of classical but still traditionally used shaping method's description to be reviewed.
Definition of the specific cutting force
Basically, the specific cutting force is the cutting force required to remove chip with a section unit: [12] , Campatelli et al. [7] , Srinivasa et al. [17] and Anand et al. [1] . The actual geometry of the chip section can be defined by additional measuring but for predictive models it is more practical to use a theoretical geometry. This can be calculated by analytical approximation using the basic machining parameters, see Eq. (5-7) and Fig. 2 and Fig. 4 : is the axial depth of cut and κ is the axial immersion angle of the main cutting edge. Of course, there are many different, more accurate models first of all for the chip-thickness such as the analytical models of: Kumanchik et al. [13] by creating a coordinate-geometrical model based on the trochoidal trajectory of the cutting edge and Kang et al. [10] by approximating the actual trajectory with Fourier series and the numerical approximations of: Rao et al. [16] by modelling circular and trochoidal tooth trajectory based on relative coordinate-geometrical aspects and Sun et al. [18] by applying finite element method to create discrete sections of the cutting edge and the corresponding chip-thickness. But in the current
, state of this research the expressions of Eq. (6-7) are regarded as adequately accurate models.
Research of the specific cutting force has a long history back to the 1950es. One of the most prominent analytical models is created by Kienzle and Victor [11] in 1957 where the main cutting force is a function of the theoretical geometry of the chip section and the specific cutting force coefficient. A commonly used variation of the Kienzle-Victor model is presented in Eq. (8):
where: k c1,1 is the specific cutting force coefficient, x F and y F are the coefficients to take the effect of the chip geometry into account, K i is a coefficient of other environmental effects. The k c1,1 has a special physical explanation, namely: it is the theoretical (predicted) main cutting force where the section geometry of the removed material is square unit (h = b = 1 [mm] ). This interpretation makes the k c1,1 to be a main value of the specific cutting force. Due to the exponential characteristic, the model of Eq. (8) can be easily linearized using a logarithmic coordinate system. The instantaneous cutting force model includes a similar interpretation of the specific cutting force. It is based on the idea of the finite elements method where the tool's geometry is modelled as a structure of independent segments of the cutting edge -see in Eq. (9) . Many studies were made according this theory e.g. by Cheng et al. [7] in 1997, Wan et al. [22] in 2006 and Wan et al. [23] in 2014.
where: i and j are the identification numbers of the finite cutting edges in the (x,y,z) 3-dimensional geometrical model, φ is the angular position of the edge. The main difference between these models is the fact that Eq. (8) has a prediction for the machining process in a mean environment such as a mean tool geometry and trajectory. On the other hand, Eq. (9) is valid for a specific section of the ever-changing machining process. Figure 3 represents a special characteristic of the specific cutting force referred to as size effect. In general, size effect means the phenomena when the ratio of defined parameters can not be kept constant in a process during geometrical scaling. Vollertsen et al. [21] categorize the size effects in manufacturing into three main groups: a) Size effect of density, e.g. number of unscalable defects in material samples with different (absolute) geometrical scales. b) Size effect of shape, e.g. correlation between the surface and the volume of an object such as a sphere. c) Size effect of microstructure, e.g. the discontinuous validity of the Hall-Petch relationship between the grain size and the yield strength of a material due to the unscalable dislocation loops.
The size effect in the specific cutting force is a shape-type size effect where the scaling parameter is the chip-thickness and the related parameter is the specific cutting force. The specific cutting force is a ratio-parameter which has a special correlation to the scaling parameter.
Analytical model for the main cutting force
In Measured forces by other researchers such as Ko et al. [12] , Campatelli et al. [7] , Srinivasa et al. [17] , Balogun et al. [5] and Liu et al. [15] also indicate this theory but data are not evaluated from this aspect. Previous researches were made according the multi-sectioned specific cutting force theory [6] and the results hinted the existence of the independent sections -expanded by a new, hypothetical fourth section (Zone IV) which occurs in the technological domain of micro-milling, namely h < 10 [μm]. The critical chip-thickness values of the section borders are presumably connected to the size of the cutting edge radius. According to the presentations of Anand et al. [1] and Aramcharoen and Mativenga [2] there is a minimum chip-thickness compared to the edge radius which is a requirement to a proper chip removing process. Under the minimum chip-thickness there is increased plastic deformation and this creates different energetic circumstances -as it is predicted by the multi-sectioned specific force model of Fig. 3 . In handbooks there can be found many and well-documented technological information about the value of the coefficients k c1,1 , x F and y F but the effect of a key parameter: the cutting speed is still numerically unexplored or it raises difficulties to find appropriate, namely: statistically accurate and up-to-date information or the data do not characterize the diagram of the specific cutting force as a whole. First and last, an experimental model for the main cutting force is shown in Eq. (10) based on Eq. (8):
where: v c [m/min] is the cutting speed, i is the identification number of the chip-thickness zones, DIR is an index to identify the kinematical direction of cut: conventional or climb milling (see Fig. 4 ). Table 1 .
Results and Discussions
Previous industrial observations and researches e.g. by Balogun et al. [5] regard the effect of the width of chip on the main cutting force to be linear. Taking this into consideration, for further calculations it was allowed to be: y Fc,i,DIR = 1 and each regression was made for a discrete cutting speed. In this case, a simplified form of Eq. (10) is:
By regrouping Eq. (11) and converting it to the logarithmic system, the expression of the linearized specific cutting force is:
Eq. (12) is now the equation of a 2-dimensional linear curve where the specific cutting force is a direct output -see Eq. (2) and Eq. (5). This interpretation is similar of the one presented by Anand et al. [1] for microdrilling where the the effect of the width of chip is considered linear as well and the specific cutting force is a function of the undeformed chip-thickness. Table 2 shows the results according to Eq. (12) and calculated by applying the least square regression method. In Table 2 , h II-III and h III-IV indicates -according to Fig. 3 -the nominal chip-thicknesses where the specific cutting force has a change of characteristic. Table 2 also contains the coefficients of the single linear model for Zone II-IV, it is marked as "Unified".
Transforming Eq. (10) the way it was carried out in Eq. (12) and still regarding y Fc,i,DIR = 1, Eq. (13) presents the specific cutting force as a function of chip section and cutting speed thus creating a 3-dimensional model: Table 3 contains the calculated coefficients for Eq. (13) and the collective coefficients for Zones II-IV, marked as "Unified".
Studying Tables 2-3 , it is remarkable that the effect of the chip-thickness (x Fc,i,DIR ) shows little difference between the multi-sectioned and the one-sectioned models. On the other hand, the specific cutting force coefficients (k c,i,DIR ) have relative shows great resemblance to previous models as presented in Fig. 3 . These results can be regarded as an indirect mapping of the shearing and deformational processes in the material of workpiece during machining. Unfortunately, these results are still representative due to the high and unexplored deviation of experimental results but they give a good approximation about the expectable outcomes for future researches. Fig. 5-6 show visual presentations of the analytical results collected in Tables 2-3 . The results conformed the expectations about the effects of the input parameters and serve as a start-up for a unified, complex and mathematically grounded cutting force modelling method. Although these results are still representative, they foreshadow the possibility of improvement and extension of some classical models of the specific cutting force. In order to do so, validation of the extended multi-sectioned specific cutting force model is highly needed by improved measuring setup and by applying other technologies such as turning and drilling. Possible courses of improvement are the interpretation of the specific cutting force as a mathematical function of cutting speed and analyzing the effect of the cutting speed on the section-borders of the multisectioned specific cutting force model. The method of the face milling experiments (including data evaluation) makes it possible to extend the experiments on further type of steels. Deformations and fracture mechanisms of steel workpieces consist the same sub-mechanisms only with different extensions. This creates the opportunity to apply the extended multi-sectioned specific force model to other materials as well. This can lead to the creation of an advanced, comparative data base of machinability and predictive technological models.
Conclusions
Face milling tests provide process data from the minimum (theoretically zero) chip-section to a maximum value defined by the feed rate. This makes the tests to be suitable to explore the specific machining forces where the only discretizing factor is the measuring frequency.
The specific cutting force can be modelled as a multisectioned exponential function. Previous researches already proved the existence of the multi-sectioned nature including the exact values of critical chip-thicknesses where the model has significant change of characteristic. A new critical chipthickness was identified at h = 2…3 [μm] .
The cutting speed has a degressive effect on the specific cutting force. The intensity of this effect differs between the two kinematical types of face milling: according to Eq. (13) the exponential coefficient of the cutting speed is around 0.5…0.8 in climb milling and 0.15…0.5 in conventional milling. The cutting speed has less effect on the main cutting force in conventional milling regarding the applied range of parameters. 
